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Abstract. We investigate the embedding of brane anti-brane inflation into a concrete 
type IIB string theory compactification with all moduli fixed. Specifically, we are 
considering a D3-brane, whose position represents the inflaton cj), in a warped conifold 
throat in the presence of supersymmetrically embedded D7-branes and an anti D3- 
brane localized at the tip of the warped conifold cone. After presenting the moduli 
stabilization analysis for a general D7-brane embedding, we concentrate on two explicit 
models, the Ouyang and the Kuperstein embeddings. We analyze whether the forces, 
induced by moduli stabilization and acting on the D3-brane, might cancel by fine- 
tuning such as to leave us with the original Coulomb attraction of the anti D3-brane 
as the driving force for inflation. For a large class of D7-brane embeddings we obtain 
a negative result. Cancelations are possible only for very small intervals of 4> around 
an inflection point but not globally. For the most part of its motion the inflaton then 
feels a steep, non slow-roll potential. We study the inflationary dynamics induced by 
this potential. 
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1. Introduction 

One of the key steps to obtain a viable inflation scenario in string theory is to flx all 
massless moduli, except for the inflaton. In [Ij, in the framework of type IIB string 
compactiflcations, it was shown how fluxes can flx all complex structure moduli and the 
dilaton. The Kahler moduli enjoy a no-scale structure at tree level and therefore remain 
massless at this order. Quantum corrections, both perturbative and non-perturbative, 
however, break the no-scale structure. 

In [2] a three step procedure was proposed to flx, in addition, the Kahler moduli 
in positive energy vacua. First, one stabilizes the complex structure moduli and the 
dilaton by imposing the supersymmetry condition, DaW = 0. Second, one considers 
non-perturbative effects, such as Euclidean D3-branes or gaugino condensation on a 
stack of D7-branes wrapping a divisor E inside the Calabi-Yau threefold, which induce 
a Kahler moduli dependent term Wnp in the superpotential. This breaks the no-scale 
structure and produces supersymmetric anti-de Sitter (AdS) minima, obeying DiW = 0, 
where i runs over the Kahler moduli. The flnal step is to uplift these AdS minima to 
non-supersymmetric de Sitter (dS) vacua in order to connect them to the real world. 

Given that in principle all closed string moduli can thus be flxed in type IIB string 
compactiflcation models, it is interesting to go one step further and introduce a suitable 
open string sector with the aim to model cosmic inflation using an open string modulus. 
One possibility is to identify the inflaton with the distance between a spacetime-fllling 
mobile D3-brane and a flxed, very massive anti D3-brane (for recent reviews on this 
type of brane- ant ibrane inflation see ^). The Coulomb attraction between the D3- 
brane and the anti D3-brane provides a potential which could drive inflation, provided 
the branes are located in a region with strong warping [1]. Finally, one has to ensure 
that no other forces, in particular those which stabilize the Kahler moduli, spoil the 
achieved flatness of the potential. Unfortunately, this is generically the case A 
non-trivial interplay between the volume and the D3-brane position moduli causes the 
Kahler moduli stabilization process to endow the inflaton with a mass of order the 
Hubble parameter, H. As a result, the second slow-roll parameter grows to rj > 2/3, 
showing the break-down of slow-roll inflation. 

The idea of exactly canceling this moduli stabilization effect by some inflaton 
dependent threshold corrections to Wnp, via flne-tuning, has received a certain amount 
of attentioijji. Recently, threshold corrections to Wnp became available for the warped 
conifold background [6] (previously such effects had been calculated in [7] in the absence 
of warping). The result is that Wnp is proportional to the supersymmetric embedding 
f{w) of the D7-branes to the power 1/n. While w collectively denotes the three complex 
coordinates of the D3-brane in the Calabi-Yau compactiflcation space, n represents the 
number of coinciding D7-branes in the stack on which gaugino condensation takes place 
(n = 1 would apply to the Euclidean D3-brane case, which might alternatively be used 

I It has been proposed in that also certain types of uphftings could be used to obtain this 
cancellation. 
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for Kahler moduli stabilization). The zeros of f{w) describe the embedding of the 
divisor S which the D7-branes wrap. 

It is one goal of this paper to analyze for concrete type IIB models whether all forces 
acting on the mobile D3-brane can add up to zero, except for the Coulomb attraction of 
the anti D3-brane which would then drive inflation. In the type IIB framework outlined 
above, we calculate the F-term potential for a general D7-brane embedding f{w) and 
give general formulae for its moduli stabilization in the warped conifold background. 
Having stabilized all closed string moduli, we are left with an effective potential V{r) 
for the radial position r of the D3-brane in the warped conifold; this becomes the 
infiaton potential, V{(j)), with the canonically normalized radial position of the D3- 
brane representing the infiaton. We then investigate inflation in the warped throat 
region by performing a small expansion of the potential. 

The moduli stabilization effect that generically causes the break-down of slow- 
roll inflation, and that we would like to cancel by some additional mobile D3-brane 
dependence of Wnp, induces a term proportional to 0^ in the potential. Unfortunately, 
no embedding allows for the creation of a compensating further term in the inflation 
potential with a 0^ dependenc^. In fact, the holomorphicity of the D7-brane embedding 
allows only integer powers of 0^^^ (some multiplied by a coming from the inverse 
conifold metric). This is crucial because terms with a different dependence can cancel 
only locally in a small interval, rather than globally. Outside this small interval 
the infiaton potential is not of the slow-roll type. Equivalently, outside this interval 
and despite fine-tuning, the motion of the D3-brane is governed by moduli stabilization 
effects compared to which the Coulomb potential represents only a subleading correction. 

Two relevant embeddings that give sizable contributions in the theoretically 
controllable small regime are the Ouyang [8J and the simplest Kuperstein embedding 
[9]. They induce terms proportional to and 0^^^ in the potential. Most other 
embeddings, on the contrary, give rise to contributions proportional to 0^, where p > 2, 
which renders them subleading in the small region. They can thus not help to flatten 
the infiaton potential. For the Ouyang embedding the corrections to the potential, 
induced by the threshold corrections to the non-perturbative superpotential, vanish after 
angular moduli stabilization [10]. For the Kuperstein embedding, on the other hand, 
they remain non-trivial, as we will show. The resulting infiaton potential, V^(0), in this 
latter case is portrayed in fig. [H In general, it possesses a maximum and a minimum 
plus an inflection point in between, as shown in the right figure. With suitable fine- 
tuning, displayed in the left figure, it can be arranged that the maximum and minimum 
coincide with the inflection point, the potential hill at small disappears, and the 

§ Here we are assuming that inflation takes place far away from the tip of the conifold such that we 
can neglect the deformation parameter and use the singular conifold metric. It has been noticed in [5] 
that using the exact deformed conifold metric, very close to the tip the moduli stabilization induces a 
term proportional to 4>^ instead of (fp. This could in principle be canceled by the threshold corrections 
to the non-perturbative superpotential we are considering here. However, the cancellation would be 
valid only very close to the tip. 



Chasing Brane Inflation in String Theory 



4 




Figure 1. The plots display the inflaton potential V{(t)) for the Kuperstein embedding 
for two different values of the uplifting parameter P = 1.21 (left) /3 = 1.4 (right). The 
left plots shows that finetuning allows to get rid of the potential hill, leaving only an 
inflection point suitable for inflation. The right plot shows the non-finetuned generic 
situation: the potential has two separate critical points and an inflection point in 
between, thus creating a potential barrier. To move down the throat (towards smaller 
(j)) the inflaton has to cross the barrier and run uphill over a certain interval. 



potential becomes flat enough for inflation. 

We then study the cosmological evolution implied by the potential V{(j)). It exhibits 
a slow-roll inflation phase (in particularly ^ 0) only in a small region around the 
inflection point, where r] = 0, and at which rj changes sign (see figure [3]). Here the 
potential switches from concave to convex. The reason that only a small portion of the 
potential can be flattened is that various terms in V{(j)) have different dependence (see 
eq. (I58l) ). In a fine tuned case (see the left part of figured]), the infiection point can be 
made fiat and a prolonged stage of slow-roll infiation is induced. 

If one wants to end infiation with D3 - anti D3 annihilation, the D3-brane has to go 
all the way down to the tip of the throat towards — >■ 0, therefore generically running 
uphill for a certain interval (only in the fine-tuned case where maximum and minimum 
coincide with the infiection point, does the potential hill disappear and turn into a fiat 
region). We investigate if overshooting the potential hill is possible or whether the 
infiaton gets stuck in the minimum due to Hubble friction. We find that overshooting 
is possible if the minimum exhibits a fairly small positive cosmological constant. 

The structure of the paper is as follows: in section [2] we describe the structure 
of the effective superpotential and its relation to the D7-brane embedding. Section 
[3] reviews the D-brane infiation 77-problem, which forms a main issue in this paper, 
explains the type IIB setup and provides the effective potential for the moduli in the 
warped conifold background. In section H] we perform a minimization of the potential 
in the Kahler modulus and angular directions for a general D7-brane embedding. In 
section 5 we apply these general results to the Ouyang embedding and compare it 
with the results for the Kuperstein embedding. Section 6 investigates infiation in 
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the Kuperstein embedding case and analyzes the cosmological evolution around the 
minimum of the potential followed by an analysis of the uphill evolution. In section 
[7] we discuss various forces acting on the D3- and anti D3-brane and comment on 
their relative importance. We conclude in section 8. A couple of appendices provide 



further technical details. Appendix A collects some details about the warped conifold 



background. [Appendix B| lists and discusses the related parameters. [Appendix C 
analyzes the dependence of the stabilized volume modulus ac on the uplifting potential 
and the inflaton. Appendix D shows that the coefficient of the 0^/^ term in the inflaton 



potential, for the Kuperstein embedding, is non-positive. This feature determines the 



general structure of the potential which is derived in [Appendix E 

Note added: Almost simultaneously with the submission of this paper, two other 
papers appeared [H], [12] which address the same issue and come to similar conclusions. 
The second version of our paper corrected a mistake in the angular minimization of our 
earlier version. The corrected calculation leads to the conclusion that fine-tuning to 
generate inflation is possible for the Kuperstein but not the Ouyang embedding in 
agreement with fiU[ [TT | [12]. We thank James Cline for helpful correspondence. 

2. Superpotential 

The Gukov-Vafa-Witten flux superpotential (GVW) Wq [131 E] can flx the dilaton and 
complex structure moduli in type IIB flux compactiflcations. The Kahler moduli, on 
the other hand, are stabilized by a non-perturbative superpotential Wnp [HI [2]. The 
latter breaks the no-scale structure because of its explicit Kahler moduli dependence. 

Wnp can be generated either by Euclidean brane instantons, D3-instantons in our 
case, or gaugino condensation on a stack of D7-branes. In type IIB compactiflcations 
with a single Kahler modulus either of the two effects is sufficient (in general, both 
effects arise together and lead to economical ways of stabilizing further Kahler moduli, 
as shown recently for heterotic M-theory compactifications p^). In both cases, the 
branes wrap a divisor S of the Calabi-Yau manifold. The embedding is then specified 
by a section of a divisor bundle, / = [S]. The D3-brane backreacts on the metric 
background and hence alters the instanton (gaugino condensation) action. This effect 
sources an additional interaction for the D3-brane position moduli and can be described 
by an f{w) dependence of Wnp, where w indicates the position of the D3-brane in the 
Calabi-Yau manifold (for the conifold w will be a set of three out of four projective 



coordinates, see Appendix A ). In [6] (see also [H], [7], [H], [19]) it was obtained that 



Wnp = Aiw)e-''^ ^ Aofiwy/^e-'^'' , (1) 

where Aq depends on the already stabilized complex structure moduli. In the sequel, 
following KKLT [2], we assume that the complex structure moduli have been stabilized 
by fluxes at a scale hierarchically higher than the scale of inflation (although this might 
not be the generic case, we are focussing our investigation on a corner of the landscape 
where this assumption holds). As in this paper we are interested in the dynamics of 
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inflation, we will in the rest of the paper treat Aq as a constant. In addition, to simplify 
the analysis, we assume a compactification with a single Kahler modulus, which we 
denote p = a + ib. Furthermore, a = 27r/n, with n being the number of D7-branes in 
the stack producing gaugino condensation (n = 1 for the Euclidean D3-brane case). 

By an adequate shift of the axion b = Imp, Aq can be taken to be real. The total 
superpotential therefore is 

W = Wo + A{w)e-^'' . (2) 

A class of supersymmetric embeddings has been found in [20]. It is given by 

/H = i-i%^ = o, (3) 

where Pi E Z, P = Ylt=i yU € C are (constant) parameters defining the embedding 

of the D7-branes. The simplest choice of parameters pi = Sjj reproduces the Ouyang 
embedding [8] . The Pi have to be integers by holomorphicitjl]]]. 

Another very simple embedding is the Kuperstein embedding [9] 

= (4) 

which is expressed in terms of alternative coordinates on the conifold (see appendix 



Appendix A). The {zi} are linear combinations of the {wi}, so again only integer powers 



of {wi} (equivalently {zi}) are allowed by holomorphicity. This will play a crucial role 
in the following. 



3. Warped D-Brane Inflation 

In this section, we review the 77-problem arising for D3-brane inflation in a warped throat 
driven by brane-anti brane attraction, first pointed out in [1]. Then we add threshold 
corrections to the analysis and obtain the F-term potential that we will study in the 
next section. 



3.1. The rj- Problem from Volume Stabilization 

It was pointed out in [3], that the strongest force felt by the D3-brane comes from 
the mixing of open string moduli with the overall volume, once the latter is stabilized 
a la KKLT. To see how this comes about, let us briefly review the KKLT setup [2]. 
Upon reducing the 10- dimensional type IIB superstring theory over the warped metric 
background 

dsj^ = h-'/^dsl + h^'Hsl , (5) 

where h is the warp factor in the presence of imaginary self-dual fluxes and orientifold 
planes, we obtain a 4- dimensional, = 1 supergravity theory. First let us assume that 

II In the Ouyang case, the integer pi — P can be interpreted as the number of times a D7-brane is 
wrapped around the 4-cycle. 
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no D3-branes are present, we will add it in a second step. Then the prefactor A in 
eq. ([2]) is a constant because, as we mentioned, we assume that the complex structure 
moduli and the dilaton have already been stabilized. The resulting F-term potential for 
the Kahler moduli plus the anti D3-brane uplifting term are [2] 

Vds = VAds + Kp (6) 



2 



The values of the GVW superpotential Wq and D (proportional to h^^, the warp factor 
at the tip of the throat) depend on the fluxes which stabilize the complex structure 
moduli and the dilaton. Given the large freedom in the choice of fluxes, we will treat 
these quantities effectively as tunable constants. It is useful to re-express {Wq, D} in 
terms of two other quantities {cto,/?} as 

Wo= - Aoe-'^'^" (^1 + ^aoa^ , (7) 

D =^/5aoa2|Ao|V2'^'^V (8) 

The parameters {(Tq, f3} have the following meaning: ao is the KKLT minimum, i.e. the 
value of a in the AdS minimum obtained for D = 0. Adding the uplifting [D ^ 0), 
the minimum of eq. ([6]) is shifted to a = Oc which is very close to gq (see appendix 



Appendix C); in fact cxc — o"o = A -C (Tq. Hence, ctq is an estimate of the position of the 



actual minimum and if it is chosen to be large enough we can neglect a' corrections. 
As regards /3, it parameterizes the uplifting in such a way that a Minkowski vacuum 
corresponds to /? ~ l+2A/cro, i.e. a value slightly larger than one while for /3 > l+2A/cro 
we have a dS vacuum (see Appendix C ). At the minimum a = ac, the potential in eq. ([6]) 
takes the value 

Q2|^^|2g-2ao-c JJ 

where we have neglected terms suppressed by A/ctq- 

Now we want to add to the picture a D3-brane located at a point w in the Calabi- 
Yau manifold. This induces several modifications to the potential in eq. (El). The volume 
of 4-cycles is shifted by a w-dependent quantity, i.e. it acquires a dependence on the 
position of the D3-brane. In [21] it was proposed that, in the simple case of a single 
Kahler modulus (determining the overall volume), the Kahler potential is 

K = -21og(V) = -31og[p + p - -fk{w, w)] = -3\ogR , (10) 

where 7 = k|o"cTd3/3 is a constant, Tjj^ being the D3-brane tension, and k{w,w) is 
the Kahler potential of the Calabi-Yau manifold evaluated at the position of the D3- 
brane. The metric of a compact Calabi-Yau threefold is not known, but as long as we 
are interested in the dynamics inside a warped throat, we can approximate it by the 
conifold metric. We have in mind a warped deformed conifold (eventually cut and glued 
to a compact Calabi-Yau manifold as in GKP pLj), but we will always consider regions 
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far away from the tip where the metric is well approximated by the singular conifolci^. 
This allows us to use the singular conifold Kahler potential k{w,w) = r^, where r is the 



radial direction of the conifold (see Appendix A ). 



Now we use the Kahler potential in eq. (ITOl) with k{w,w) = to calculate the 
potential in eq. ([6]) which becomes therefore r dependent. As r is our inflaton candidate, 
it is convenient to express the result in terms of the canonically normalized inflaton field 

(j) = 

M^Pi f9D 6|Aopa2e-2«-= 



-orr2 

= (02-6M|,)2' (^^^ 

where we have introduced the Hubble parameter H for = (and neglected 0^). The 
fields r and have dimension of a length and a mass, respectively. On the other hand, 
a has been normalized to be dimensionless. The slow-roll parameter rj is then 

36 



2 KlS 2 
'7KLMT = Mpi—— = Mpi 



m^Mii + 50^ 



62 - QMliY 



3H' 



4(6M2, + 502,, . 



62 - 6M2 J2 



M'pi. (12) 



From its definition, is positive and smaller than \/QMpi. At this value in fact, the 
volume V in eq. ffTOj) becomes zero (assuming that the Kahler modulus p has reached 
its minimum p + p = 2ac) and the shifted Kahler potential becomes singular. Therefore 
^?KLMT is always bigger than 2/3 (the conformal value attained for = ^) and 
slow-roll inflation never takes place without threshold corrections. 

3.2. F-term Potential for the Conifold 

In this subsection we repeat the calculation of the last subsection but now taking into 
account the threshold corrections to the non-perturbative superpotential discussed in 
chapter [21 i.e. we allow for a generic A{w). We start with the 4-dimensional, = 1 
supergravity scalar potential 

Vp = (K^^DaWDbW - 3\W\'^) . (13) 



The indices a, b run over the complex fields p and w = Wi with i running over three of 



the four homogeneous coordinates wa introduced in Appendix A 



% Very close to the tip, where the deformation cannot be neglected, one has k{w,w) — + const. 
[22l [23| . As noticed in ^ , this implies that the effect of moduli stabilization very close to the tip of 
a warped deformed conifold is to generate a term proportional to (j)^ instead of 0^ as is the case for 
the singular conifold. This (j)^ term could in principle be canceled by the threshold corrections to W„p 
we are considering here. The cancellation would be, however, only valid very close to the tip, i.e. for a 
short range of values of the inflaton field. 
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For the Kahler potential of eq. (fTUi) and a generic superpotential W the resulting 
F-term potential takes the form (cf. [10]) 

Vf = l^KKLT + AV (14) 
^KKLT = ^[iP + P)W - HWW, + C.C.)] (15) 

AV =^ ^ I^Wp J]w,iy, + c.c.j , (16) 

where Wp = dpW, Wi = diW . Note that all terms of type &WjWKi cancel out 
precisely. Thus, Vp would vanish if the superpotential were independent of p and 
Wi because of the no-scale structure. But it is not and it is not. Indeed, using the 
superpotential in eq. ([2]), with a generic A{w), one finds 

Vkklt = tJj [[(p + + 6a] \A\^e-''^'"-P^ + M{W,Ae-''P + c.c.)] (17) 



-'^alA^WiAi + c.c^ + ^k'3'AjAi 



where Ai = diA. The separation into two terms is due to the fact that AV^ is non- 
vanishing only when A is a non-trivial function of the Wi. In the last subsection, where 
we assumed that A is a constant, AV was absent. Note also that Vkklt is not the same 
as VAdS in eq. ([6]) of the last subsection. It differs in two ways: first, in Vkklt there is also 
a dependence on the angular moduli through the non-constant A{wi); second, due to 
the backreaction of the mobile D3-brane the volume modulus has become R = 2a — jr'^ 
rather than simply 2a and has acquired a dependence on the D3-brane radial position. 

Since we want to find out whether warped D3-brane inflation is possible in this 
setting, we need to be in a dS space. This can be achieved by adding an uplifting term 

Vnp = % (19) 

to Vp. The uplifting breaks supersymmetry and lifts the vacuum to a dS one. For 
concreteness we will think of this term as coming from the warped anti D3-brane tension 
[2]. This is not essential for our purposes and other upliftings, such as D-term or F-term 
upliftings can be used as well. Two comments are in order. First, the i?^ dependence 
is appropriate for the warped throat under consideration whereas an ordinary compact 
six-manifold would generate an dependence instead, as discussed in |4] . Second, due 
to the backreaction of the mobile D3-brane there is a dependence on its position r in 
the denominator, which uses the corrected volume modulus R rather than a. 

4. Critical Points of the Potential 

Our eventual goal is to identify the infiaton with the mobile D3-brane position modulus 
r and to study whether its potential 

V = Vkklt + V^^ + AV^ , (20) 
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Figure 2. On the left: the dependence of the potential on cj) and a near the minimum. 
The black thick line is the value of Cc one would get neglecting the uplifting term 
(using just eq. (j27p ). Clearly if one is interested in inflation dynamics, neglecting 
Vup is inconsistent. On the right: the black thin lines are the potential (times 10^^) 
evaluated for different but </> independent Cc- The red thick line is obtained plotting 
V{(j), (Jcifj))) (times 10^^). Again one clearly sees that it is inconsistent to study inflation 
just in the (j) direction for fixed CTc 



can lead to viable inflation. To this end we have to ensure that there is no steep runaway 
in some other direction in moduli space. Therefore, next we analyze the stabilization 
of all moduli besides r, which comprises the volume modulus a, its axionic partner h 
and the angular moduh 0i,92,4>i,4>2,4'- As we want to restrict ourselves to the case 
of single field inflation we have to require that the D3-brane motion does not modify 
considerably the stabilization of the other fields. A convenient regime to consider is 

|/(r)|i/"-l«l, (21) 

so that the critical value of the volume modulus cJc will change only slightly during the 
inflationary dynamics (see eq. (l30il and the related discussion). Although the dependence 
of (Jc on (j) is mild (so that during the inflaton motion the minimization of a is only slightly 
corrected), it is crucial to determine the correct shape of the effective potential for the 
inflaton V{(j)) (see also [121 HI])- figure [2] (see also Appendix C ), we compare the 
effective potential V{a, 0) for some fixed values of a, with the correct effective potential 
V{ac{(f)),(f)). The sections at constant a of the potential differ even qualitatively from 
the correct effective potential V{ac{4>),4')- In the following we will work in the regime 
specified by eq. (l2T|) . 
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4.1. Axion Stabilization 

It is easiest to start the moduli stabilization analysis with the axion field b. One observes 
that it makes its appearance only in the second term of Vkklt 

3a(Wo Ae-"("+*^) + c.c.) = 3a| ^|e~""(e-^('^^-") + e^('^^-°)) 

= 6a\Wo Ale-"^ cos{ab - a) , (22) 

with a denoting the phase of Wq A. This term acquires its minimum when 

bc = ^[a + {2p - l)7r] , peZ, (23) 

and turns into minus its absolute value. This fixes the axion and implies for the KKLT 
part of the potential 

^KKLT = ^ [2a {aa + 3) \A\^e-"''^ - 6a\WoA\e-'''^] . (24) 
4-2. Volume Modulus Stabilization 

This section is devoted to the minimization of the volume a, which is more involved 
than the axion minimization. The reason is, that, with r being our infiaton candidate, 
it is particularly important to determine the r dependence of the critical value o"c(r) of 
the modulus a. 

The criticality condition, daV = 0, which determines dc, reads 

(aR, + 2)(\/kklt + AV) + 2Kp = J^l'^l^""'' {\A\e-^''^ - 3\Wo\) , (25) 

where Rc = 2ac — •yr^. If AV^, V^p and the mobile D3-brane were absent, such that 
R 2a, the criticality condition would lead to the original KKLT result [2] 

2 2 a2 -2aao 

W,o = , (26) 

with the KKLT critical volume, o"c ctq, defined implicitly by 

Wo = -Aoe-'^-« Qaao + 1^ , (27) 

where the fixed axion value has been used. Once Kip and the mobile D3-brane are 
added, the critical volume, dc, is shifted away from the constant (Tq 

ctq — ' o-c- (28) 

Note that Uc depends on D and r while Uo does not. We define 

A{D,r) = a,iWo,D,r)-ao. (29) 

In what follows, we will use the parameters {jS, ctq} instead of {D, Wq} whose definition 
has been given in eqs. ([7]) and ([8]). As we pointed out above, the condition that Vup 
uplifts the AdS minimum to dS is now easily expressed through the requirement that 
/5 > 1 + 2A/(To (which is very close to, but not exactly one). In the rest of the paper 
we assume that this condition is fulfilled and therefore the minimum is dS. 
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Note that the full r (and P) dependence of cXc is contained in A. To calculate A 
we expand the criticality condition eq. fl25|) in A/o"o and use acrg ^ 1 to simplify the 
result. We obtain 



d^V = 0: 



aA(2|/|V'^-l) = ^|/|-V"-(l-|/|i/'^l 



(30) 



where we keep the leading term and first subleading corrections in l/o"o and A/o"o of 
eq. fl25|l . This equation determines explicitly the r dependence of A which arises due to 
the r dependence of /. 

Without the D3- brane one would have / = 1 and thus A = (3/a'^aQ which in 
turn reduces to zero in the absence of the uplifting {j3 = 0) in agreement with the 
expectations. Importantly, the consistency of our expansion can be verified from eq. flSU]) . 
taking into account eq. (12T]) and that ado ^ 1 which leads to 

<^{^^-^^ (31) 



O"0 V^o ^0 

and therefore A ^ o"o ~ (^c- Note that in general A depends, via the embedding /, also 
on the angular variables 6i, 62, 0i, 02; whose stabilization we are analyzing next. 

4.3. Angular Moduli Stabilization 

For sake of brevity, let us denote the angular moduli 

^l,^2,01,02,V' (32) 

as -^a, = 1, . . . , 5 and abbreviate da = d^^. The criticality condition for the angular 
moduli, daV = daVp = 0, does not involve Vup which is independent of {}a- The full 
angular criticality condition thus reads 

2 ((2aVc + 6a)\A\ - 6a|Wo|e'"'=) 
= ^ada (AJ2^^A. + c.c.) - -daik^%A,) , (33) 

i ^ 

where the left-hand side of the equality stems from Vkklt while the right-hand side 
originates from AV. 

As we did in the previous section, we replace cTc by (Tq + A and expand in A/ctq ^ 1. 
Using eq. ( l27l) to evaluate the left-hand side of eq. ( !33|) . one can see that the right- 
hand side of the criticality condition is suppressed by a factor I/ctq and thus does not 
contribute at leading order. One finds 

ao{2-\f\'/'^)da\A\=0. (34) 

at leading order in l/cxo and A/ctq. In view of eq. (ETi) . the values of the angular open 
string moduli that extremize the scalar potential are solutions of 



daV = 0: 



da\f\ = 



(35) 



These five equations will fix generically all five angular moduli unless the embedding 
allows for isometrics. However, isometrics are incompatible with the bulk Calabi-Yau 
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compactification and hence should be broken. For a detailed discussion of this issue see 



The fixing of the angular moduli leads to 



AV 



■|/|-'+'/"5r|/|(-8vr7r|/|+ 9,1/1) 



12^27 

while the other two contributions to the potential become 



-2aac 



KKLT 



2K\a\AQ 



■|/r/"(|/r/"(aa, + 3)-(2aao + 3)e'^^ 



-2a(Jc 



_ D 



(36) 



(37) 
(38) 



where we have used eq. ( l27l) to eliminate \Wq\. We have thus achieved a stabilization 
of all moduli, except for r, the infiaton candidate. The dependence of the full potential 
on r arises from the r dependences of (Jc{r), A(r) and f{r). 



4.4- Potential with Moduli Fixed 

We will now study the potential in the large cxo regime for a general embedding /. For 
this we expand the potential in A/ctq and I/ctq and obtain at leading order 

FkKLT = ■^^KKLT,o|/r/"(2 - l/r/") ' 



1 + ^ 



AV 



up 



^KKLT,0 

327r27(To ' 
D 

1 + 



\fr^'/-dr\f\\87rjr\f\-dAf\ 



(39) 



4al 



7r 



2A' 



In the expression for Vkklt there are also two terms proportional to 1 — |/|^^" at order 
(9(l/(Jo). Using eq. fl2Tl) . a posteriori justified in eq. fl30|) . we have omitted these terms. 
We see, using eq. and eq. ([H]), that Kp appears volume suppressed compared to 
Vkklt and AV by an additional factor l/uo. 

Notice that in eq. (|39l) we neglect the Coulomb (plus gravitational) attraction 
between the D3- and the anti D3-brane. The reason is that the Coulomb attraction 
is very weak due to the warping. This was, in fact, the basis of the KKLMMT proposal 
[1] to achieve slow-roll brane infiation. As we discussed in section [3l and is seen here 
explicitly, there are, however, also effects coming from moduli stabilization that render 
the F-term potential generically steep (^^klmt > 2/3). Our effort will be to make the 
F-term, eq. (|39|) . flat enough for slow-roll; once this is achieved, we can add the Coulomb 
potential as well, and study the resulting slow-roll inflatiorEj- 

Our analysis of the inflationary dynamics will be based on two assumptions. The 
flrst is that a reaches its 0-dependent minimum (given by eq. (130!) ) instantaneously 

Actually, motivated by this hierarchy of importance, one can even go further and omit any anti D3- 
brane to begin with. The infiaton potential comes then just from the F-term, which is always present. 
This idea is realized in the model of inflation at the tip constructed in [5] . 
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during the inflaton motion. In other words, the system evolves along the o"c(0) trajectory 
in the {a, (p} plane. For this assumption to be satisfied, the a direction should always be 
much steeper than the direction which is actually the case here (see also the adiabatic 
approximation of |12j). 

The second assumption is more subtle and regards the angular directions. We are 
assuming that the initial conditions of infiation are such that these directions start at 
their minima. For the Ouyang and Kuperstein embedding that we consider in the next 
section, the minimum in the angular directions does not depend on the radial position. 
Therefore if at the beginning of infiation the system is at an angular minimum, it will 
stay there forever. This ad hoc assumption about the initial conditions is ubiquitous 
in the string infiationary literature and is more a technical than a conceptual issue: if 
the angular directions are steeper than the radial one, then even if they are excited at 
the beginning, they will relax in a short time; if they are fiatter or comparably steep, 
then they should be included in the infiationary analysis which would become multi-field 
in nature. In the latter case one is obliged to rely on numerical methods loosing the 
intuition that the analytical single-field approach usually gives. 



5. Explicit Examples: Ouyang vs Kuperstein Embedding 

In this section we study two explicit supersymmetric D7-brane embeddings into the 
conifold. They have been discovered by Ouyang in [8] and by Kuperstein in [9]. For 
the Ouyang embedding, we will find that AV vanishes at the minimum of the angular 
directions, where 9i = 02 = 0. This was first noticed in [lO]. As a result defined by 

^=^{^-<j)i-<j)2), (40) 

remains unfixed. For the Kuperstein embedding, on the other hand, AV does not 
vanish at the minimum of the angular directions and can modify tjkklt — 2/3 (see also 
[T2l [TT]). It is worth noticing that, in the Ouyang case, if the maxima in the angular 
directions are inserted in AV then the resulting effective potential V{(j)) is exactly the 
same as in the Kuperstein case. Of course this radial trajectory (that we will analyze 
in section [6]) is physically interesting only in the Kuperstein case, where it is stable in 
the angular directions (an exhaustive analysis of this issue, with a detailed calculation 
has been given in |12]). 



5.1. Ouyang Embedding 

The Ouyang embedding [8] is defined by the zeros of 

fiw,) = 1 - ^ . (41) 
t^ 

Using eq. flA.6l) . one derives 

\f\ =1 — 2- — -sin — sin — cosw + - — ^ sin — sin — , (42) 
'•^ ' 2 2 ^ |/x|2 2 2' ^ ^ 
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We will take /i to be real and positive because a possible phase can be absorbed in a 
shift of ip. The two directions perpendicular to ip = const, are at this point exactly 
flat. They will eventually get a mass but their explicit value does not affect the effective 
potential for the inflaton. 

The system of equations fixing the angles, i9q,|/| = 0, turns into 



01 : cos — sm — cos w -\ sm — cos — sm — = (43) 

n r'^' • ^1 ^2 j^r' . 2O1 . 02 02 . 

02 : sm — cos — cos w H sm — sm — cos — = (44) 

r'^l'^ 01 02 

(pi, 02, ip '■ sin — sin — sin ip = . (45) 

This system of equations has two kinds of solutions (angular critical points) 

01=02 = 71, = 0, TT (46) 

0^ = 0^ = and ^ unfixed (47) 

A detailed study (see also [12]) of the Hessian matrix shows that the solution 
corresponding to a minimum is ^1 = 6'2 = 0. Here we notice that the other angular 
direction ip is not flat when 0i ^ 0; once we evaluate the potential, however, at 
01 = 02 = 0, no dependence on ip remains. The actual value of ip does not affect 
the following result. In fact, we get 

AV = 0, (48) 

so that the potential is exactly VxKLTfi, leading to 77 ~ 2/3. In this case no fine tuning 
is possible [10]. The other extremum, 0i = 02 = tc, corresponds to a maximum. In 
this case ip is fixed (see eq. ( HGll ) but not the two perpendicular directions in {0i, 02, ip} 
space. If one substitutes these angular values (corresponding to the maximum), one 
finds 

/ 3/2 xVr^ / 3/2 \ 

A = = Ao ( 1 + — J ^ ( 1 + — J , (49) 



27rr3/2 

+ 



.y2/i + r3/2 ' 7(v^/i + r3/2)2j ' ^^^^ 

where in the last step we have used eq. (12T|) . that here translates into r^/^ <^ ^ ^nd 
implies that the D3-brane is located further down in the throat than the D7-brane 
(which extends down to r^^j = lA- "^ill see in the next section (see also [12]), the 

effective potential V{(f)) that one obtains using this maximum (unstable in the angular 
directions) is exactly the same as the one for the Kuperstein embedding in eq. ( l52l) . 
with the angular moduli being at a minimum. 
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5.2. Kuperstein Embedding 



The Kuperstein embedding [9] is defined by the zeros of 



1-^ 



(51) 



where now we parameterize the conifold with alternative coordinates {zi} (see 
Appendix A[ in particular eq. (1A.3I) ). This embedding has no directions along which 
AV = [12" TTj. Two trajectories extremize the potential in the angular directions: 
Zi = ±r'^/^/-\/2, but only the one with the negative sign corresponds to a minimum. 
The correction to the potential then becomes fi2[ [TT] : 



AV 



I y4. 1 6 



-2aa 



Ka I A I 6 



-2aa 



n- 



-27rRe- 

/i - Zl 

+ 



+ 



r 



7|/i - zi\ 
r 



1 - 



2r3 



(52) 



which is exactly the same as in the Ouyang case after choosing the (unstable) trajectory 
Wi = — TJ-^e fact that the minus sign corresponds to the stable trajectory 



—r"^!"^ I \pX) is crucial for the fine tuning of r]. Indeed it determines that the 
correction to tjkklt — 2/3 comes with a minus sign and a cancellation is possible. 

The potential we have written still depends on a. To obtain the effective potential 
for the inflaton we need to extremize the potential with respect to a, i.e. use eq. ( 130|) . 
The minimization of the volume can be straightforwardly carried out numerically. An 



analytical estimate is given by (see Appendix C for its derivation 



(Jr. 



P 



+ 



,3/2 

anfi 



+ . . . 



(53) 



where the ellipsis stands for terms suppressed by higher powers in r^/V/i or l/o-Q. We 
use this expression for the r-dependent critical value of cr to transform the potential 
V{a,r) into a potential for a single field V{r) = V{ac{r),r). This implicitly assumes 
that the dynamics in the a direction is much faster than in the r direction such that 
the evolution of the system is well approximated by the trajectory adr) in the (a, r) 
space. Eventually, the effective potential has to be expressed in terms of the canonically 
normalized field 6. 



6. Inflation 



In the previous sections we calculated the potential for the radial position r of the 
D3-brane in the throat, once all other fields have reached their minimum value. In this 
chapter we investigate if the potential we have obtained can provide phenomenologically 
viable inflation. 

The first step is to rewrite the potential in terms of a canonically normalized field 
(to which we will refer in the following as the inflaton) 

(p=VT^^r. (54) 
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We notice that r has the dimension of a length while has that of a mass, as it should 
be for a canonically normalized scalar in four dimensions. 

As we have seen in section [3], Vkklt.o depends on the inflaton as 

W,o = ^H^J^^^§ry - ^HV,, + + ■■■ (55) 

for small 0. This prevents slow roll because 

V = Ml,^ > ^ . (56) 

If we want to have a flat potential, we thus need another term of the same size but 
opposite sign that we can fine tune to cancel the 2/3. The new terms in the potential, 
eq. (I39l) . coming from the dependence of the non-perturbative superpotential on 0, are 
proportional to |/|^/" or to 0|/|^^". The known supersymmetric embeddings all depend 
on integer powers of Wi oc 0^/^. This, in particular, implies that there is no term, in 
the small expansion, that can exactly cancel the 0^ from Vkklt,o- The absence of 
fractional power embeddings / oc iff with p non-integer might be traced back to the 
holomorphicity of f{wi)] it seems therefore hard to circumvent this problem. 

Also, all those embeddings for which / oc 1 + wf with p > 1 vanish much faster 
than Vkklt,o for — and do not help to flatten the potential. From this observation, 
it follows that embeddings of the ACR family [2^ with p > 1 are not helpful to cancel 
the TjKKLMMT — 2/3, at least for small r. Further study is needed to see if there is a 
region where r is large enough so that the effects of higher ACR embeddings become 
relevant, and at the same time, that region might still be well described by the conifold 
geometry (i.e. before the cut of the conifold and the gluing to the Calabi-Yau manifold 
become relevant). 

Two embeddings that produce corrections to the scalar potential proportional to 
and 0^/^ (as opposed to 0^ with p > 2) are the Ouyang (which is as well in the ACR 
family with p = 1) and the Kuperstein embedding. For the former, once the angular 
minimization is performed, the corrections to the scalar potential vanish [10]. For the 
latter this is not the case and the potential is indeed modified, as shown in eq. (!52ll 

mm- 

6.1. The Effective Inflaton Potential 

Considering the region deep inside the throat, we expand the potential for small r 
resp. 0, keeping terms up to order resp. 0^. These are the most interesting terms 
since higher terms cannot cancel the tikklt — 2/3 from Vkklt,o- The result is 

Vas = Vkklt + Kp (57) 

3/2 




Figure 3. The plot shows the potential V{(f>) (red) and the slow-roll parameters ri{(j)) 
(blue) and e{(j)) (black). The latter is so small that it can hardly be distinguished from 
the (j) axis. Next to the tip of the throat the potential has generically a maximum and 
a minimum. For cf) large enough the potential grows like (f)^ and 77 is of order one (or 
bigger). But for i/i — > the curvature of the potential changes at the inflection point 
and r/ switches sign (and eventually diverges at = 0). 



As shown in Appendix D, V^g^^'* + AV^*^^/^-' < 0, so that the r^/^ term is always negative. 



In terms of the canonically normahzed field 0, we therefore want to study the effective 
Lagrangian 

C = -l9^09'^0-r(0), (58) 

V(4>) = A + Ci0 - + , 

where we have approximated the DBI kinetic term by the canonical one. A comment 
about this approximation is in order. As long as the kinetic energy of the inflaton 0^ 
is small compared to the warped D3-brane tension, the higher terms in the expansion 
of the square root in the DBI action are negligible and the canonical kinetic term gives 
a good approximation. In the present setup this condition is easily satisfied because 
infiation takes place in the middle of the throat where the warping is much weaker than 
at the tip. In models where infiation takes place close to or at the tip, e.g. [21] and 
[5], the effects of the DBI kinetic term become quickly relevant and can give rise to an 
interesting phenomenology. 

The value of the effective cosmological constant term A depends on several 
parameters. The stringy parameters are the 3-form fluxes on the conifold, which 
determine the stabilization of the complex structure and the dilaton. The problem of 
how the cosmological constant arises from string theory and which is its most probable 
value, is outside the scope of the present work (see e.g. the seminal paper [25]). In the 
following, we will simply consider A as a free parameter. The coefficients Ci, C3/2 and C2 
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are such that the potential always has a maximum and a minimum (see Appendix E); an 
extremal case is when these coincide and one gets a flat inflection point. In Appendix E 
we show how varying the uplifting parameter f3 changes the discriminant (see e.g. flgure 
lEip . When the discriminant vanishes, maximum and minimum coincide as displayed in 
the left part of flgure [H 

In flgure [3l we plot rj together with the potential V{(j)). The slow-roll parameter rj 
is small only in a narrow interval around the inflection point, 0r)=O) at which V" (and 
therefore 77) vanishes. For > (j)r]=o, V becomes of order one or bigger and is dominated 
by Vkklt- For < 0^=o, f] is instead dominated by the correction AV^, is negative and 
diverges when 0^0 (but the potential can not be trusted all the way down to = 
because of the deformation of the conifold at r^/^ = e where the anti D3-brane sits and 
Coulomb and tachyon potentials become relevant). We want to stress that to get 77 = 
for some value of does not require any flne tuning. In fact 77 is positive for large and 
negative for small 0, so that by continuity it has to pass through zero. 

A generic initial condition would be to start somewhere inside the Calabi-Yau 
manifold and then "fall down" the throat. We therefore start at some 0j and slide 
down towards smaller 0. An important quantitative question is if one can get enough 
e-foldings and an almost scale invariant spectrum. We study the former question in the 
next section. An important qualitative question is if one can reach the tip or whether 
the D3-brane gets stuck somewhere before, preventing reheating via brane antibrane 
annihilation; we address this overshooting problem in sections 16.31 and 16.41 

6.2. Inflation through an Inflection Point 



As we show in Appendix E the effective potential always exhibits a maximum and a 
minimum. These coincide for a particular critical value of the uplifting parameter (3, 
giving rise to a flat inflection point at some = 0. The critical f3 can be estimated 



analytically from the zero of the discriminant given in eq. flE.3p . In this section we 



comment on this flne tuned case. A crucial point is that around the Coulomb potential 
(that we have argued could be neglected in the precedent discussion) has to be taken 
into account. 

For example, consider a potential of the type V^'"(0)(0 — 0)^ + A , where the 
interesting case for us is when A ^ 0^. The flrst derivative at the inflection point 
= is strictly vanishing. As a consequence the slow-roll attractor describes an inflaton 
that slows down exponentially fast and never reaches the inflection point. There are two 
effects that regularize this divergence: one is induced by corrections to the strict slow-roll 
approximation, such as an initial non-slow roll 0. This could allow to pass the inflection 
point in flnite time. A second effect (which co-exists with the flrst) is induced by the 
subleading terms that we neglected in the potential; they can have a non-vanishing 
flrst derivative at the inflection point. An example is the generally subleading Coulomb 
potential, V^^^jy^, that becomes important around 0, where the potential is otherwise 
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flat. Linearly approximating Vjj^-^, one gets a potential of the type 



(59) 



In this case, the inflection point is always reached and in fact overshot. The number of 
e-foldings, A^^e, that results from the inflationary dynamics is therefore controlled by the 
value of the first derivative of the potential at 0, V'{(j)). Varying V'{(j)) continuously, 
from positive to negative values, corresponds to a change of Nf, from a few to infinity. 
An analytical estimate (neglecting corrections to slow roll) gives A'e oc 1/V'{(j)) for 
positive V'{(f)) (see e.g. [26]); for negative V'{(j)) a minimum of V is formed and the issue 
of overshooting and slow- roll corrections becomes important. In any case, it is clear 
that an arbitrary large amount of inflation can be obtained by the potential we have 
calculated, provided that one can fine tune the string theory parameters to obtain a small 
V'{(j)). Taking into account the effects of the DBI action can only increase the number 
of e-foldings. In the next two sections we will go beyond the slow-roll approximation 
and address the question, when does the D3-brane reach the tip and when does it get 
stuck somewhere in the middle? 

A final comment is in order. In the present model the shape of the potential 
is determined by the F-term, while the Coulomb potential gives only relatively small 
corrections. These corrections are relevant only in the fine tuned case of a flat inflection 
point. Even in this case, the Coulomb potential dominates only around the inflection 
point where the force exerted by the F-term is vanishing. We want to contrast this 
situation with another expectation which is often found in the phenomenological brane 
inflationary literature (see e.g. [27]). One could have wished to find a way to completely 
get rid of the F-term effects and have an inflationary model based on a Coulomb potential 
of the type 



which has been widely studied (see e.g. [27]). The result of the present investigation is 
that this is even harder to achieve than expected. For the class of embeddings which 
we studied, not even fine tuning allows us to cancel completely the F-term effects. We 
consider this as an indication that in a generic model of brane inflation, the Coulomb 
attraction is superfluous because the inflaton potential is determined by the F-term 
potential^. 

6. 3. Damped oscillatory phase 

In this and the next section we study the problem of overshooting the potential barrier. 
We make the following simplifying assumptions: we consider a homogeneous and 
isotropic universe so that the 4-dimensional Einstein equations reduce to the Friedmann 
equations; furthermore we assume that all fields have been stabilized except for the 

* In 5 , proceeding along the lines of this argument, a model was constructed where the inflaton 
potential comes exclusively from the F-term and no anti D3-branes were needed. 




(60) 
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inflaton, as shown in the previous sections; finally we neglect effects of the DBI action 
and approximate it by a canonical kinetic term as discussed around eq. fl58l) . 
Let us start considering the following potential 

V = A+^m2(0-0min)' (61) 

in the vicinity of its minimum, 0min, where A ^ m^(0 — 0min)^- The first Friedmann 
equation gives 



A + ^m2(0-0^i,)2 + l02 



A 



Therefore, the equation of motion can be approximated by 



(62) 



v3A • 

+ 4— + m2(0-0^i„) = 0, (63) 
Mpi 

where the consistency of neglecting 0^ in eq. fl62l) will be checked at the end. The 
equation of motion is the same as for a harmonic oscillator with friction. There are 
consequently three types of solutions: 

• Underdamped: Mp^m^ > 3A/4; only in this case the field oscillates around the 
minimum. The amplitude decreases exponentially on a time scale v^3A/2Mp;. If 
the field starts at 0j at t = with 0i = 0, we can estimate the speed when it passes 
the first time through the minimuni^ at t = t^-m as 

0min = 0oe-^*-"/^^^-^^^^ cos(t^i„a;) , (64) 

V3A 

where u"^ = — 3A/4M|,;, and (po = (pi — 0min is the distance from the starting 
point to the minimum (see figure H]). 

• Critically damped and overdamped: Mp^m^ ^ 3A/4. There are no oscillations and 
the field takes an infinite amount of time to reach the minimum (where = 0). 

The underdamping condition can be rewritten in terms of the slow-roll parameter as 
MpiTn^/K = rj > 3/A, where rj = ?7(0min)- A rough estimate gives |0mm| ~ V^'oVSA/ Mpi. 
Therefore neglecting the kinetic term in the Friedmann equation (162|) and using 
H"^ ~ A/3Mpi is legitimate as long as r]'^(f)j -C M|,,. 

We want to apply this analysis to our potential eq. fl58l) in the case this exhibits 
a minimum at = 0min- This could be the case for example if string theory does not 
allow for an arbitrary fine tuning of the effective parameters Ci, C3/2 and C2. Around 
0min, the potential is approximated by a harmonic oscillator V ^ V"{(f) — 0min)^/2 (see 
figure H]). We conclude that if 77(0min) < 3/4 the infiaton reaches the minimum 0inin 
only asymptotically in infinite time. There is no graceful exit from infiation as there 
is no brane annihilation nor (damped) oscillations. The exponential expansion (with 
cosmological constant V^(0min)) continues forever. On the contrary, if 77(0min) > 3/4, 
we find at the minimum that 0min 7^ 0. This allows for the possibility to climb up 
to the maximum of the potential, overshoot it and reach the tip of the throat where 
annihilation with the anti D3-brane will take place. 

Notice that the formula we give is vahd only at t = tmin and not for a generic time t. 
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Figure 4. The figure summarizes our overshoot analysis. The continuous line is 
the actual potential, the darker dashed line refers to the discussion of the damped 
oscillatory phase and the lighter dashed line refers to the uphill phase. 



6.4- Uphill inflation 

In this section we study what happens when the inflaton rolls uphill. We will use our 
results to address the issue of overshooting the potential barrier in the potential (see 
figure m or the right part of figure [1]). Obviously, the field will roll just for a short 
distance A0, which depends on the initial speed 0(0) that we take from the beginning 
to be 0mm- Let us first study the simple linear potential 

V = A + ccp, (65) 

where c is a positive slope. Under the simplifying assumption, A ^ c0, the solution to 
the equation of motion is 




A0(t) = 0(t) - 0(0) = -^t + + ^ 1 - e-^*/^^- 



The term linear in t describes a rolling down at constant speed that eventually dominates 
the exponentially decreasing term. If the field starts with a positive 0min > 0, it will 
climb up the hill for a distance 



0m.nM» _ cM^ / v/3A0m 
^ V3A 3A ^ 1^ cMpi ' ' ^ ^ 

in a time 



At^^log l+ ^'y- l (67) 



3A \ cM, 



PI 
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before it stops and starts rolling down again. The number of e-foldings therefore is 
generically short unless the slope is exponentially small (if instead <puiin is very large, 
then H is no more well approximated by a constant). 

We would like to emphasize that an uphill motion is never slow roll. Even if 
e ~ = 7], when moving uphill is always very large (the motion is hampered both by 
the slope and by the Hubble friction) and can not be neglected. In fact, the equation of 
motion is genuinely of second order and the uphill phase depends critically on the initial 
condition 0o- On the other hand, the downhill slow-roll motion is an attractor and the 
solution eventually reaches it independently of ^min (of course only if the potential is of 
the slow-roll type). 

We now have all the ingredients to address the question whether the inflaton will 
overshoot the maximum of the inflaton potential. To this end we describe the part 
of the potential before the minimum, > (pram, with the damped oscillator of section 
16.31 (see figure Hj). The key result is eq. (164|1 . the speed of the inflaton (p^ain when it 
reaches (/>min- We then approximate the uphill phase between maximum and minimum, 
0max < </> < 0min5 by a linear potential. The estimate may seem very rough, but if we 
take the steepness of our linear potential (c in eq. ( l65l) ) to be the maximum steepness 
reached by the potential V{(f)) between 0max and (prnin then we have an upper bound. 
If overshooting is possible in this extremal case, then it is also possible for the exact 
potential. 

We use the result eq. fl64|) as initial condition in eq. fl66l) . One can see that the time 
tmin in eq. ( IMI) is always smaller than 2Mp;/v^3A so that, to get an order of magnitude 
estimate, we can neglect the exponential in that formula. Neglecting also numerical 
factors we take 

~ (PovVsA/Mpi , (68) 

where (po = 4>i — 4>min is the distance between the initial position and the minimum in 
the damped oscillatory phase of section [631 (see figure Hj). Substituting it into eq. ( |66l) . 
we obtain 

V3A 



where we have used that cMpi/3A <^ 0o, which is generic for our potential. We conclude 
that overshooting can happen, with > 1 and a comfortably natural choice 0o ^ ^4> 
(also an initial 7^ at the beginning of the underdamped oscillatory phase will help to 



overshootqjj) . Typically, one does not obtain a large number of e-foldings, see eq. ( l67l) . 
We have to remember though that eq. ( 1671) is valid just for a linear potential, in our 
case instead there is maximum, where the slope vanishes. 

As an aside we comment on the intriguing correlation between a small cosmological 
constant and the underdamped oscillatory regime. A graceful exit from inflation 
typically requires that the inflaton reaches a minimum and starts oscillating and 

ft The issue of overshooting for an inflection point potential with particular attention to the role of 
initial conditions has been recently addressed in [28], where the whole DBI action is taken into account. 
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decaying (brane inflation is an interesting exception). In section 16.31 we have seen 
that the underdamped regime, leading to oscillation around the minimum, requires 
77 > 1. Equivalently, it requires that the cosmological constant. A, is smaller than the 
inflaton mass squared m^, in Planckian units. Consider now an inflaton protected by 
some symmetry that therefore acquires an extremely small mass, e.g. only from non- 
perturbative effects. Then an anthropic selection principle would apply: all universes 
with A > m'^Mpi would not have a graceful exit from inflation and would hence be 
empty. 

Summarizing, if the inflaton potential is just im^(0 — 0min)^ plus a cosmological 
constant, then anthropic arguments lead to an upper bound on the cosmological constant 
of order A < m^Mp^. An extremely small inflaton mass might then explain the presence 
of a comparably small cosmological constant which may be responsible for today's 
measured accelerated cosmic expansion. 

It would be interesting to study further features of the inflaton potential eq. (!58|) . 
A preliminary observation is that, if an uphill phase is present, a largely non scale- 
invariant spectrum is produced. The spectral index during the uphill motion is given 
by 

dlnPR 1 / \ 

"^-^"^hrr"-^-^^4^°^^j' 

where the quantities on the right-hand side have to be calculated at the time of horizon 
crossing. After some massage and using the Friedmann equations we obtain 

c d) H , , 

The various terms do not cancel as it happens in the slow-roll regime; the reason can 
be traced back to the fact that (j) is not small in this case. Per se, the absence of scale- 
invariance is not a problem if the perturbations produced during the uphill phase are 
not those responsible for the CMB inhomogeneities, e.g. if the uphill phase takes place 
before or after 60 e-foldings prior to the end of inflation. These issues certainly deserve 
further study. 



7. Forces on D3- and Anti D3-branes. 



In this section we enumerate the contributions to the potential for an anti D3- and a 
D3-brane (a sketch is given in table [H below) and comment on their relative importance. 

To summarize: the anti D3-brane is led to the tip (r ~ 0) by the interaction 
with the background; there its angular position is determined by the bulk and moduli 
stabilization effects. The motion of the D3-brane is governed by moduli stabilization 
effects (breaking of the no-scale structure). Finally, the attractive Coulomb potential 
is generically strongly suppressed and plays a role only in very fine tuned or symmetric 
circumstances. 
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Background effects. We consider the action 



(72) 



where $ is defined in terms of the warp factor and the 5-form field strength of C4 as 



Therefore in the GKP setup [T], the D3-brane doesn't feel any force (it is BPS with 
respect to the background). On the contrary, an anti D3-brane tends to fall to the 
bottom of the (deformed) conifold (small warp factor) to minimize 5*753. (C2]) has 

no angular dependence, the anti D3-brane at the tip enjoys a translational symmetry. 
The leading contribution to the potential is the warped anti D3-brane tension which can 
be used [2] to break SUSY and uplift an AdS vacuum to a dS vacuum. 

Bulk effects. To have a compact manifold at a certain radius the conifold has to be 
cut and glued to a compact Calabi-Yau manifold. Then other "bulk" effects for the anti 
D3-brane arise. These break all the residual symmetry of the conifold as a Calabi-Yau 
manifold has no continuous symmetry. In [29] the warp factor dependence of bulk effects 
has been calculated via the AdS / CFT correspondence. The result is that a mass for the 
anti D3-brane is induced of order 



where M is the flux quantum number of the Ramond-Ramond Fs-form over the 3-cycle 
A of the throat and is the warp factor at the tip of the throat. Bulk effects would 
lead the anti D3-brane to a particular angular position in the 5''^ at the tip. No such 
effects are present for the D3-brane, again because of its BPS nature with respect to 
the background. 

Moduli stabilization effects. To stabilize the Kahler moduli, one has to break the no- 
scale structure. Once this is done and the moduli are stabilized (e.g. a la KKLT) a 
mass for the D3-brane open moduli is generated because of their non trivial mixing with 
the 4-cycle volumes [21]. The potential generated gives rise to an ?7-problem, analogous 
to the SUGRA r^-problem: it is too step for inflation and generates a "mass" for the 
inflaton of order H [4]. This effect is much bigger than the Coulomb attraction and 
constitutes indeed the leading term of the potential. 

As far as the anti D3-brane is concerned, these effects have been investigated in |23j . 
They are relevant at the tip of the throat because the background force from eq. ( 1721) 
does not have an angular dependence. The potential generated by the stabilization of 
the moduli has the same minima for the D3- and the anti D3-brane at the tip (where 
the anti D3-brane is conflned by eq. fl72l) ). As the equations for the minimum for D3- 
and anti D3-branes differ by a term vanishing at r = 0, away from the tip the respective 
minima will be generically different. 

This effect, together with the bulk one, eq. (1741) . select some vacua in the angular 
directions at the tip. The relative importance of bulk and stabilization effects depends 



$± = e^^ ± a. 



(73) 



mluik ~ {9sMa') ^h, 




(74) 
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D3 



''bulk 



-1„3.29 
"0 



Source 

Bulk background 
Throat background 

Coulomb 
Tachyon 

Moduli stabilization only known at the tip 



igsMa') 
V ~ 2T^h{w^) 
leads D3 quickly to the tip 



'V, 



DD 



develops at r = 0{a') 



_D3 

no effect (BPS) 
no effect (BPS) 



-V, 



DD 



develops at r = C(a') 

l^CKLT + Kip + AK 



Table 1. Contributions to the potential for a D3- and an anti D3-brane. 



on the parameters. Comparing the mass from the left-hand side of eq. (!33|) with eq. (17^ 
for the case of the Ouyang (or the simplest Kuperstein) embedding, expanding in 

TQ^^/yU ^ 1, one gets 

3/2 

^»/^o°•='^ (75) 
/in 

where tq indicates the tip of the deformed conifold. As follows from eq. fl2T|) . the left- 
hand side of eq. fl75l) has to be much smaller than one to allow to integrate out the 
stabilized volume and use the remaining effective potential for inflation. Indeed ro and 
Hq are related by Hq ~ {y/gsM /tq)^, so that the condition to satisfy is 

fun) 

gsM » iqj^ . (76) 

Although it is possible to fulfil the inequality, this could require a very large flux number 
M, as -C 1 and fin ^ 1. 



Coulomb potential. The Coulomb potential written in terms of the canonically 
normalized field is 

V +V (77) 

where = i^'M is the product of the fluxes on the 3-cycles of the conifold and 00 is 
the canonically normalized radial position of the anti D3-brane at the tip of the throat. 
This potential can be obtained considering the D3-brane backreaction on the metric in 
eq. (1721) and keeping the leading order. 

We want to argue that the Coulomb interaction is typically weak and subleading 
(as was noticed for the first time in [4J). For example, suppose we use the constant 
term in eq. (I77|) for the uplifting V^p. Then near the minimum in the a direction, 
Vup ~ VAds oc 3H'^/{6 — (j^Y as in eq. ( fTTj) . which estimates the moduli stabilization 
effects. The Coulomb potential is suppressed with respect to these effects by {(f)o/(f))^/N, 
as one can see in eq. (177|1 . Therefore as soon as the D3-brane is separated from the anti 
D3-brane (which sits at the tip ^o) the Coulomb interaction is by far subleading. 
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8. Comments and Conclusions 

We have studied the potential felt by a D3-brane in a warped conifold in the presence of 
supersymmetrically embedded D7-branes and an anti D3-brane sitting at the tip of the 
cone. The leading order potential contains three terms: Vkklt, an uplifting term Kip and 
AV, the latter arising when threshold corrections to the non-perturbative superpotential 
are taken into account. We have provided general formulae for the extremization in 
the angular and Kahler modulus directions. Once those moduli settle down at their 
minimum, we are left with an effective potential V{(f)) for the canonically normalized 
radial D3-brane coordinate 0. 

We have studied the possibihty to flatten V{(f)) through fine-tuning, such that slow- 
roll D-brane inflation can be embedded into a type IIB string-theory compactification 
with all moduli fixed except for the inflaton. We have carried out a detailed analysis for 
two specific classes of supersymmetric D7-brane embeddings. In the throat (for small 
0), AV has a linear term in and otherwise depends on only via integer powers of 
03/2^ whereas Vkklt and Kip contain terms proportional to 0^. This means that the 
potential can be made flat only for a small range of 0. Allowing for fine tuning, a 
flat inflection point can be generated. In this case the D3-brane dynamics sustains a 
prolonged stage of slow-roll inflation. 

As we do not exactly know how much fine tuning in the effective parameters can be 
achieved by varying the discrete string theory parameters, we have also considered the 
issue of whether, for a generic (non fine tuned) shape of the potential, the D3-brane can 
fall all the way down into the throat where it would annihilate with the anti D3-brane. 

The Coulomb attraction which was supposed to drive inflation is generically 
overwhelmed by the stronger forces generated by the F-term potential. Even in the 
most promising case, the Kuperstein embedding, where the potential exhibits a flat 
region around an inflection point, it seems that one will need to take into account, at 
the same time, the Coulomb and the F-term potential. This means that the analyzes 
based on the simple brane-anti brane potential have to be reviewed if the brane system 
is embedded into a bona fide string compactification. 

A comment on possible further corrections is in order. Quantum corrections, from 
loop or a' effects, are generically subleading in the KKLT stabilization scenario, the 
reason being a very small Wq (see e.g. [30]). But the force exerted by the effective 
potential K(0) on the inflaton is hierarchically weaker than the one responsible for the 
stabilization of the closed string moduli (that is why we can talk about an effective 
K(0) in the first place). Therefore, we expect that that quantum corrections will have 
sizable effects on warped brane inflation scenarios analyzed here. It would be interesting 
therefore to study these effects e.g. along the lines of [3T|, [32l [33] . 

In view of the difficulties that the KKLMMT scenario currently presents for the 
embedding of brane inflation into string theory, it might be interesting to look for 
qualitatively distinct scenarios such as multi brane inflation [34], [35] in heterotic M- 
theory which is based on phenomenologically very interesting flux compactifications 
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[Sn], [SZ], [SB] or related constructions in heterotic string theory Other alternatives 
comprise modular inflation, for instance the racetrack inflation models |10] , [H] , [12] or 
Kahler moduli inflation models [13], [Hj, which have received some attention recently. 
Furthermore [l5], [16], [17], [H] present interesting ideas towards potentially viable 
string inflation scenarios. 
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Appendix A. The Warped Conifold Setup 

The singular conifold is a non-compact Calabi-Yau threefold. It can be deflned as a 
hypersurface in C^. Two sets of complex projective coordinates are particularly useful: 
one set is denoted by wa, with A = 1,2,3,4, and it is the one used to write e.g. the 
Ouyang embedding in eq. lHTl) . In terms of the wa, the singular conifold is defined by 
the equation 

^1^2—^3^4 = 0. (A.l) 

A second set is denoted by za, used e.g. to write the Kuperstein embedding in eq. (15T1) . 
The defining equation written in terms of za is 

4 

Y.{zAr = 0. (A.2) 

A=l 

The two sets of coordinates are linearly related by 

Zl = ^{wi + W2) , ^2 = ^(^1-^2), 

^3 = ^(^3-^4), = j^{w3 + W4) , (A.3) 

We can also use six real coordinates to parameterize the conifold. The metric is then 
given by 

dsl = dr"^ + r^rfs^i.i , (A.4) 

1 ^ 21^ 

(is^i,i = - {di) + ^ cos 6i dcj)^ + g 5Z (^^»^ + ^^^^ ^'^O • (^-^^ 

i=l i=l 
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This makes explicit that the singular conifold has a radial direction r and a base 
parameterized by 5 angular directions (pi, 02, 6i, 62 and tp. The base is T^'^, i.e. the 
coset space {SU{2)a x SU{2)b)/U{1)r and it is topologically equivalent to x S^. The 
complex wa coordinates can be expressed in terms of the real coordinates as 



Wi 


= r3/2et(^-'^^-<^^)sin^sin^, 

2 2 


(A.6) 


W2 


2 2 ' 


(A.7) 


W3 


= r3/V(^+'^^-<^^)cos^sin^, 

2 2 ' 


(A.8) 




= r3/V(^-*^+'^^)sin^cos^. 

2 2 


(A.9) 



As for all Calabi-Yau manifolds, the metric of the singular conifold is given by the second 
derivative of a Kahler potential. This is given in terms of the wa coordinates by 

2/3 



k(wi,Wi 



E 

,i=l 



Wi 



(A.IO) 



To obtain the metric one of the four coordinates {wi,W2,W3,W4} has to be expressed 
in terms of the others using the defining equation eq. flA.ip . If, e.g. we choose to keep 
{^2,^3,^4} and express wi as a function of them, the inverse metric (appearing in 
eq. (fT6l) ) is given by 



= 7:r< dii + 



(A.ll) 



WjWj 

2r3 



1^4 



m\ J 



+ 



\Wl 

2r3 



12 r 



3 



/ ^3 



^2 



where i and j run from 1 to 3 



g(|^2P + 2KL 

V f^{\w2\'+2\w,\r 



w 



^^{\w2? + 2\w,\f 



Wj 



WsW4 



' + 2k3|)' \ 

k3p + |k4p / 



Appendix B. On the Parameters 

The parameters of the models are the following 

• /i: represents the deepest value reached by the D7-brane. We require that 
/i ^ r'^/^ so that the stabilized volume does not change much during the D3-brane 
radial motion. 

• Aq-. the complex structure dependent factor in Wnp- Its phase can be absorbed by 
a shift of the axion. Once Wq is chosen as in eq. ([7]) and D as in eq. ([8]), Aq can be 



Chasing Brane Inflation in String Theory 



30 



factorized out of the scalar potential. Therefore it does not play an important role 
in the discussion. 

• Wq: its value can be fine tuned (up to a certain precision) varying the fluxes 
which fix the complex structure moduli and the dilaton. The constraint on its 
value comes from the KKLT procedure for fixing the overall volume (generically all 
Kahler moduli). This generically requires Wq <^ 1. 

• it fixes the value of the vacuum energy. When a particular uplifting procedure 
is specified, its value is determined in terms of stringy parameters (for example the 
position of the anti D3-brane at the tip of the throat or the world volume fluxes 
in a D-term uplifting). Having a de Sitter vacuum translates into /3 ^ 1, having 
a minimum at all requires (3 < C>{4). This parameter is important for the shape 
of the effective potential V{(j)). Only a special fine tuned value of jS leads to a flat 
inflection point. 

Appendix C. Dependence of 0"^ on Uplifting and Infiaton 

The scalar potential 



VAds = ' 2 ( o^^^oe-'^'^ + Wo + A.e--'^ ] , (C.l) 



resulting from 

K = -31og(p + p), (C.2) 
W = Wo + A^e-^'P , (C.3) 

has the well known [2j AdS minimum (Tq, given by the solution of the transcendental 
equation 

3 + 1^0 6-0 

= -2 ' (^-^^ 

where Wq is a negative real number. The aim of this appendix is to calculate how 
the minimum (Tq changes when the uplifting and the D3-brane dynamics are taken into 
account. 

Appendix C.l. Shift of Critical Volume through Uplifting 

For concreteness we look at an anti D3-brane uplifting. If an anti D3-brane is present in 
the ISD solution of [1], it will feel a potential that pulls it to the tip of the throat. 
Supersymmetry is broken and the effective scalar potential receives a contribution 
proportional to the redshifted anti D3-brane tension that we schematically write as 

= ^. (C.5) 

The potential's minimum will consequently shift from ctq to a^^p = ao+Ap, where 7^ 0. 
It is useful to trade the parameter D for another parameter f3, which is introduced via 

D = Ipaoa^Ale-^'""' . (C.6) 
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The condition that V^p uphfts the AdS minimum to dS is now easily expressed through 
the requirement that /? ^ 1 + 2A^/cro (which is very close to, but not exactly one). In 
what follows we assume that this condition is fulfilled and therefore the minimum is dS. 
The equation ^^-(VAdS + Kip) = leads to the critical point 



1 

0",, 



' up 



24 De'*'^"p 

7Ao + 3VFoe"""p - W (Aq - 3lKoe«-"p)2 



.(C.7) 



This is, like eq. f lC.4p . a transcendental equation and has to be solved numerically. To 
get some analytical control, we use the following trick. We substitute D and Wq in 
eq. (1C.7I) using eq. (1C.6P and eq. ( 1C.4I) . Then we solve the resulting equation for A p. 



This can be done by expanding e'^'^" ~ 1 + aAp so that the equation is no longer 
transcendental. Eventually, the only transcendental equation that we have to solve 
numerically is eq. (IC.4p . and we arrive at an analytical expression for A^. 

The resulting expression for is a bit long, so we write its expansion in l/acxo, 
which reads 

in very good agreement with the numerical calculation. We note that this is equivalent 
to an expansion in D/{aWQ) of eq. (1C.7P : in fact from eq. (1C.6P one sees that D 
is suppressed with respect to Wq by a factor I/ctq- This expansion would give the 
transcendental equation 

2 oAq aMo(Ao - 3Woe" 



Appendix C.2. Shift of Critical Volume through D3-brane 

In this section we take into account also a dynamical D3-brane and calculate its effect 
on the minimum of the potential in the a direction that we call ac- The potential is 
given in eq. (139|) . We expand d^^V = for small r (again this is an r^/cr or an r^/^/(//n) 
expansion). Solving for ac, one finds 

a^D, r) = cxcir = 0) + a^^V + /'V^^/^ ^ _ _ 

9(Ao + 3Woe"''0 
~ "^"P ^ 8a2/i2n27(Ao - SVToe"-^) 

_ 3(Ag + 2Agiyoe-- + 3iyoV--) ^3/, 

2aAofxn{Ao - SWoe'"'-) "' ^ ' ' 

where a^r = 0) = (Xup coincides with the critical volume investigated in the previous 
section and in ai^^ and o"c^^^^ we have neglected terms suppressed by a factor of order 
D /Wq (see eq. (IC.6I) ). As we did in the last section we substitute D and Wq, using 
eq. (1C.6P and eq. (lC.4p . Then we solve for A^ = o"c — dup. The result is 

^3/2 

A, = + ... (C.ll) 
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To summarize, we have estimated analytically the dependence of the minimum on the 
uplifting and on the D3-brane position; this is at leading order 

^ao + 4^ + + ... (C.12) 

Appendix D. Sign of r^/^ Term 

In this appendix we show that the expansion of the scalar potential has a negative term 
at order r^/^. This term determines the negative curvature of the potential for small r. 
In fact, the inflaton potential eq. (157|) also has a term proportional to r, which, however, 
does not contribute to the curvature. 

The explicit values for vj^^'^^ and AV'^^^'^'^ are 



(3/2) _ [3aAge~2aao(a^^ + 6) + 9D + 18 ApaWpe- 



/l2„ „— 2ao-o 

A\/(3/2) = - fo^^^ . (D.2) 



To see that ^(3/2) ^ -^^3/2) ^ ^^(3/2) < g we substitute eq. ^Ml and eq. dO!]) into 
eq. fID.ip and expand in = (Xup — (Tq- This gives 
(3/2) ^ Agae-^-o(3-2/?) 



Therefore 



AF(3/2) 6 

for /3 > 1. We are thus left with 

12cro/in 

in agreement with eq. flE.2p 



y(3/2) = _ £i!^£__(4^ - 3) < , (D.5) 



Appendix E. Maximum and Minimum of V{(j)) 

In this section we show that in the case of the Kuperstein embedding, the effective 
potential in the r (canonically 0) direction has always a maximum and a minimum (in 
a special case they coincide). Our starting point is the obtained inflaton potential 

^^^) = ^^^(^-^) + ^j3/2 3/2,/' 



A2 -2aao J,2 \2 2 -2aaQ 




Figure El. The plot shows the discriminant, eq. (|E.3p . as a function of f3 (without 
performing the A/ctq expansion). When the discriminant is zero the minimum and 
maximum of the potential coincide and we get a flat inflection point. 



which is the potential eq. fl58|) with 

A =^ iP-l) 

6(Jo 



42 -2acro 

g3/'^= ,,Ct3/4 (E.2) 
3 

The first derivative of the potential is a quadratic polynomial in y^. There are 
two extrema (a maximum and a minimum) when the discriminant is positive, i.e. 
— 32C1C2 > 0. Explicitly, the discriminant reads 

/l2 2 "2a(To 

9C3/2 - 32C1C2 = Ij^, (4/3 - 5)2 > . (E.3) 

This quantity is always non-negative so that V{(j)) will always possess a minimum and a 
maximum. It is evident that for a particular value of f3 the discriminant becomes zero 
in which case the maximum and minimum coincide and a flat inflection point occurs. 
We have plotted the discriminant, without expanding it, in figure [ETl The plot confirms 
the result of our leading order calculation. 

[1] S. B. Giddings, S. Kachru and J. Polchinski, "Hierarchies from fluxes in string compactifications," 

Phys. Rev. D 66 (2002) 106006 |arXiv:hep-th/ 0105097 |. 
[2] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, "De Sitter vacua in string theory," Phys. Rev. 

D 68, 046005 (2003) (arXiv:hep-th/0301240] . 
[3] A. Linde, "Inflation and string cosmology," eConf C040802 (2004) L024 [J. Phys. Conf. Ser. 24 

(2005 PTPSA,163,295-322.2006) 151] | arXiv:hep-th/0503195 . 



Chasing Brane Inflation in String Theory 



34 



C. P. Burgess, "Strings, branes and cosmology: What can we hope to learn?,' 
|arXiv:hep-th/0606020, 

S. H. Henry Tye, "Brane inflation: String theory viewed from the cosmos, 



arXiv:hep-th/0610221 



J. M. Cline, "String cosmology," arXiv:hep-th/0612129' 

R. Kallosh, "On Inflation in String Theory," arXiv:hep-th/0702059 



A. Linde, "Inflationary Cosmology," arXiv:0705.0164 [hep-th]. 
[4] S. Kachru, R. Kallosh, A. Linde, J. M. Maldacena, L. McAlUster and S. P. Trivedi, "Towards 
inflation in string theory," JCAP 0310, 013 (2003) arXiv:hep-th/0308055|. 
E. Pajer, "Inflation at the Tip," JCAP 0804 (2008) 031 arXiv:0802.2916 [hep-th]]. 
D. Bauniann, A. Dymarsky, I. R. Klebanov, J. Maldacena, L. McAllister and A. Murugan, "On 
D3-brane potentials in compactiflcations with fluxes and wrapped D-branes," JHEP 0611 (2006) 
031 |arXiv:hep-t h/0607050 . 
M. Berg, M. Haack and B. Kors, "Loop corrections to volume moduli and inflation in string 

theory," Phys. Rev. D 71 (2005) 026005 [arXiv:hep-th/0404087| . 
P. Ouyang, "Holomorphic D7-branes and flavored N = 1 gauge theories," Nucl. Phys. B 699, 207 

(2004) arXiv:hep-th/0311084. 
S. Kuperstein, "Meson spectroscopy from holomorphic probes on the warped deformed conifold," 
JHEP 0503 (2005) 014 arXiv:hep-th/041 1097 . 

C. P. Burgess, J. M. Cline, K. Dasgupta and H. Firouzjahi, "Uplifting and inflation with D3- 
branes," JHEP 0703, 027 (2007) arXiv:hep-th/0610320|. 

D. Baumann, A. Dymarsky, I. R. Klebanov, L. McAllister and P. J. Steinhardt, "A Delicate 
Universe," arXiv:0705.3837 [hep-th]. 

D. Baumann, A. Dymarsky, I. R. Klebanov and L. McAllister, "Towards an Explicit Model of 

D-brane Inflation," arXi v:0706.0360l [hep-th]. 
S. Gukov, C. Vafa and E. Witten, "CFT's from Calabi-Yau four-folds," Nucl. Phys. B 584 (2000) 
69 [Erratum-ibid. B 608 (2001) 477] arXiv:hep-th/9906070|. 
Gukov, "Solitons, superpotentials and cahbrations," Nucl. Phys. B 574, 169 (2000) 



arXiv:hep-th/9911011| . 



G. Curio and A. Krause, "G-fluxes and non-perturbative stabilisation of heterotic M-theory," Nucl. 

Phys. B 643, 131 (2002) arXiv:hep-th/0108220 . 
G. Curio and A. Krause, "S- Track stabilization of heterotic de Sitter vacua," Phys. Rev. D 75, 

126003 (2007) |arXiv:hep-th/0606243i . 
O. J. Ganor, "On zeroes of superpotentials in F-theory," Nucl. Phys. Proc. Suppl. 67, 25 (1998). 

O. J. Ganor, "A note on zeroes of superpotentials in F-theory," Nucl. Phys. B 499, 55 (1997) 

[arXiv:hep-th/9612077| . 

S. B. Giddings and A. Maharana, "Dynamics of warped compactiflcations and the shape of the 

warped landscape," Phys. Rev. D 73, 126003 (2006) |arXiv:hep-th/0507158 . 
P. Koerber and L. Martucci, "From ten to four and back again: how to generalize the geometry," 

JHEP 0708, 059 (2007) [ arXiv:0707.1038l [hep-th]]. 
D. Arean, D. E. Crooks and A. V. Ramallo, "Supersymmetric probes on the conifold," JHEP 0411 

(2004) 035 arXiv:hep-th/0408210; . 
O. DeWolfe and S. B. Giddings, "Scales and hierarchies in warped compactiflcations and brane 

worlds," Phys. Rev. D 67 (2003) 066008 [arXiv:hep-th/0208123|. 
P. Candelas and X. C. de la Ossa, "Comments on Conifolds," Nucl. Phys. B 342 (1990) 246. 
O. DeWolfe, L. McAllister, G. Shiu and B. Underwood, "D3-brane vacua in stabilized 

compactiflcations," arXiv:hep-th/0703088| 
X. Chen, "Multi-throat brane inflation," Phys. Rev. D 71 (2005) 063506 "arXiv: hep-th/0408084| . 
R. Bousso and J. Polchinski, JHEP 0006 (2000) 006 arXiv:hep-th/0004134 . 
R. AUahverdi, K. Enqvist, J. Garcia-Belhdo, A. Jokinen and A. Mazumdar, "MSSM flat 

direction inflation: slow roll, stability, fine tunning and reheating," JCAP 0706 (2007) 019 



Chasing Brane Inflation in String Theory 



35 



[arXiv:hep-ph/0610134] . 

[27] R. Bean, X. Chen, H. V. Peiris and J. Xu, "Comparing Infrared Dirac-Born-Infeld Brane 
Inflation to Observations," Phys. Rev. D 77, 023527 (2008) arXiv:0710.1812 [hep-th]]. R. Bean, 
S. E. Shandera, S. H. Henry Tye and J. Xu, "Comparing Brane Inflation to WMAP," JCAP 
0705, 004 (2007) arXiv:hep-th/0702107|. L. Lorenz, "Constraints on brane inflation from 
WMAP3," arXiv:0801.4891 [hep-th]. L. Lorenz, J. Martin and C. Ringeval, "Brane inflation 
and the WMAP data: a Bayesian analysis," JCAP 0804, 001 (2008) ;arXiv:0709.3758 [hep- 
th]]. S. E. Shandera and S. H. Tye, "Observing brane inflation," JCAP 0605, 007 (2006) 
arXiv:hep-th/0601099|. 
B. Underwood, "Brane Inflation is Attractive," larXiv:0802.2117l [hep-th]. 

O. Aharony, Y. E. Antebi and M. Berkooz, "Open string moduh in KKLT compactiflcations," 

Phys. Rev. D 72 (2005) 106009 [arXi v:hep-th70 508080| . 
J. P. Conlon, F. Quevedo and K. Suruhz, "Large-vohime flux compactiflcations: Moduh spectrum 

and D3/D7 soft supersymmetry breaking," JHEP 0508 (2005) 007 [ arXiv:hep -th/0505076|. 
G. von Gersdorff and A. Hebecker, "Kaehler corrections for the volume modulus of flux 

compactiflcations," Phys. Lett. B 624 (2005) 270 |arXiv:hep-th/050713r|. 
M. Berg, M. Haack and B. Kors, "On volume stabilization by quantum corrections," Phys. Rev. 

Lett. 96 (2006) 021601 [arXiv:hep-t h/05081711 . 
M. Berg, M. Haack and E. Pajer, "Jumping Through Loops: On Soft Terms from Large Volume 

Compactiflcations," arXiv:0704.0737 [hep-th]. 
K. Becker, M. Becker and A. Krause, "M-theory inflation from multi M5-brane dynamics," Nucl. 

Phys. B 715, 349 (2005) | arXiv:hep-th/0501130| . 
A. Ashoorioon and A. Krause, "Power spectrum and signatures for cascade inflation," 
arXiv:hep-th/0607001, 

E. Witten, "Strong Coupling Expansion Of Calabi-Yau Compactiflcation," Nucl. Phys. B 471, 

135 (1996) [arXiv7hep^tli79602070i . 
G. Curio and A. Krause, "Four-flux and warped heterotic M-theory compactiflcations," Nucl. 

Phys. B 602, 172 (2001) arXiv:he p-th/0012152; . 
G. Curio and A. Krause, "Enlarging the parameter space of heterotic M-theory flux compactiflca- 
tions to phenomenological viability," Nucl. Phys. B 693, 195 (2004) arXiv:hep-th/030820^. 
M. E. Olsson, "Inflation Assisted by Heterotic Axions," JCAP 0704, 019 (2007) 
arXiv:hep-th/0702109|. 

J. J. Blanco-Pillado et al, "Racetrack inflation," JHEP 0411, 063 (2004) [arXiv:hep-th/0406230| . 
Z. Lalak, G. G. Ross and S. Sarkar, "Racetrack inflation and assisted moduli stabilisation," Nucl. 

Phys. B 766, 1 (2007) [arXiv:hep-th/0503178 |. 
J. J. Blanco-Pillado et al, "Inflating in a better racetrack," JHEP 0609, 002 (2006) 



arXiv:hep-th/0603129|. 



P. Conlon and F. Quevedo, "Kaehler moduh inflation," JHEP 0601, 146 (2006) 
arXiv:hep-th/0509022j. 

R. Bond, L. Kofman, S. Prokushkin and P. M. Vaudrevange, "Roulette inflation with Kaehler 
moduli and their axions," arXiv:hep-th/0612197, 



S. Thomas and J. Ward, "IR Inflation from Multiple Bra nes," |arX iv:hep-th/070 2229 
M. Spahnski, "On Power Law Inflation in DBI Models," a rXiv: hep-th/0702196, 
H. Singh, "The N-tachyon assisted inflation," |arXiv:he p-th/0608032, 

J. M. Cline and H. Stoica, "Multibrane inflation and dynamical flattening of the inflaton potential," 
Phys. Rev. D 72, 126004 (2005) arXiv:hep-th/0508029 . 



